ABSTRACT. We evaluated the adenine nucleotide translocator (ANT) and cytochrome oxidase subunit III (COX III) mRNA expressions in the muscle and liver of Japanese quails presenting high and low feed efficiency (FE), and subjected them to three different environmental temperatures: comfort, heat stress (38°C), and cold stress (10°C). ANT mRNA expression was lower in the liver of heat-stressed animals. In the muscle, higher ANT and COX III mRNA expressions were observed in high-FE and cold-stressed animals. In the liver, much higher expression of COX III mRNA was observed in cold-stressed animals. These results suggest a possible correlation between the genes involved in energy production by the mitochondria and FE phenotypes, and that environmental temperature can affect the ANT and COX III mRNA Feed efficiency and mitochondrial gene expression expressions. Japanese quails presenting different FE levels respond differently to environmental stimuli.
environmental temperature. Blood T3 concentrations were negatively correlated with environmental temperature and were positively correlated with feed intake (Yahav, 2000) .
This study was performed under the hypothesis that the genes involved in energy production by mitochondria may be related to the FE phenotype observed in poultry, and that the environment to which these animals are exposed could affect the expression of such genes. Thus, we evaluated the ANT and COX III mRNA expressions in the muscle and liver of Japanese quails presenting high and low FE and submitted each of these groups to three different environmental temperatures: comfort (25°C), heat stress (38°C) for 12 h, and cold stress (10°C) for 12 h.
MATERIAL AND METHODS
The experimental procedure was approved by the Brazilian Animal Ethics Committee. The experiment was conducted on the Iguatemi Experimental Farm of the Universidade Estadual de Maringá (UEM). A total of 400 Japanese quail layers derived from the same breeder flock were reared until 28 days of age according to conventional management practices, and were subjected to the same experimental conditions. On day 28, birds were transferred to individual cages in an environmentally controlled room and were submitted to a 7-day adaptation period. The FE was evaluated during the period of 35 to 42 days of age, and was calculated by the increase in body weight relative to the consumption of food. Birds were individually weighed at the beginning and at the end of this period to calculate body weight gain, and feed intake was calculated as the difference between the amount of feed offered and the feed residues at the end of this period. Birds were offered water and feed ad libitum during the entire experimental period. Feed was formulated to supply the Japanese quails' nutritional requirements, according to Rostagno et al. (2011) . A two-stage feeding program was adopted, with a starter diet offered between 1-14 days, and a grower diet offered after 15 days of age. At 42 days of age, birds were divided in groups with high (N = 36) or low (N = 36) FE, and were submitted to three different environmental temperatures: comfort (25°C, according to Pinto et al., 2003) , heat stress (38°C) for 12 h, or cold stress (10°C) for 12 h. Twelve high FE quails and 12 low FE quails were subjected to each thermal environment.
After the stress period, birds were sacrificed by neck dislocation, and breast muscle (pectoralis superficialis) and liver samples were collected and stored in RNA Holder ® (BioAgency Biotecnologia; Brazil) at -20°C until RNA extraction. Birds in the comfort group were sacrificed immediately after the groups were established. Of the 24 birds subjected to each temperature stress, only 12 (six from each FE group) were used for the gene expression analysis.
Total RNA was extracted using the Trizol ® reagent (Invitrogen; Carlsbad, CA, USA), according to manufacturer recommendations, at a ratio of 1 mL/100 mg tissue. All materials were previously treated with RNase inhibitor (RNase AWAY ® ; Invitrogen). The muscle (muscle + Trizol) was ground using an electric homogenizer (Polytron) until its complete dissociation, after which 200 μL chloroform was added, and the mixture was manually stirred for 1 min. Samples were then centrifuged for 15 min at 12,000 rpm at 4°C, and the resulting liquid phase was collected and transferred to a clean tube to which 500 μL isopropanol was added. Samples were again centrifuged for 15 min at 12,000 rpm at 4°C. The supernatant was discarded and the precipitate was washed with 1 mL 75% ethanol. The material was again centrifuged at 12,000 rpm for 5 min, and the supernatant was discarded. The resulting pellet was dried for 15 min, and resuspended in RNase-free ultrapure water.
Total RNA concentration was determined with the aid of a spectrophotometer at a 260 nm wavelength. RNA integrity was evaluated on 1% agarose gel stained with ethidium bromide, and visualized under ultraviolet light. RNA samples were treated with DNase I (Invitrogen) to remove possible genomic DNA residues, as recommended by the manufacturer.
The SuperScript TM III First-Strand Synthesis Super Mix kit (Invitrogen Corporation; Brazil) was used to synthesize the complementary DNA (cDNA), according to manufacturer instructions. In a sterile and RNA-free tube, 6 μL total RNA, 1 μL 50 μM oligo(dT) 20 , and 1μL annealing buffer were added. The reaction was incubated for 5 min at 65°C and then placed on ice for 1 min. Subsequently, 10 μL 2X First-Strand Reaction Mix solution and 2 μL solution containing the reverse transcriptase enzyme SuperScript III and the RNAse inhibitor were added. The solution was then incubated for 50 min at 50°C for the synthesis of the cDNA. The reaction was again incubated for 5 min at 85°C and immediately placed on ice. Samples were stored at -20°C until subsequent analyses.
The fluorescent compound SYBR GREEN (SYBR ® GREEN PCR Master Mix, Applied Biosystems; USA) was used for real-time reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR analyses were carried out in the StepOnePlus v.2.2 apparatus (Applied Biosystems). All reactions were submitted to the same analysis conditions and were normalized by the signal of the passive reference dye (ROX Reference Dye; Invitrogen) to correct any reading fluctuations caused by volume variations and evaporation during the reaction.
The ANT and COX III primers used in the reactions were designed according to OjanoDirain et al. (2007) , as shown in Table 1 . Two endogenous controls, the β-actin and GAPDH genes, were tested, and only the β-actin gene (accession no. L08165) was used because it was shown to be more efficient in the reaction. All analyses were carried out at a final volume of 25 μL and in duplicate. Gene expression values are expressed in arbitrary units (AU). The results are shown as the mean and the standard deviation. To investigate the interactions between different temperatures and FE, the data were subjected to analysis of variance (ANOVA). A general liner model (GLM) was used to determine significant interactions between treatments. Where significant effects were detected in the ANOVA (P < 0.05), means were compared using the Tukey test. Prior to analysis, data were checked for normality using the univariate procedure in SAS (SAS Inst. Inc.; Cary, NC, USA).
RESULTS
Quantitative RT-PCR was used to evaluate gene expression patterns in the liver and pectoralis muscle in response to different FEs and environmental temperatures. The data were D.M. Voltolini et al.
normalized using the β-actin gene, whose expression did not change among treatment groups.
After the period of individual feed intake and weight gain evaluation, we separated the animals into two homogeneous groups: the high FE group and the low FE group. At the beginning of the FE evaluation period, the animals in both groups had statistically equal initial weights (119.55 g for high FE animals and 121.00 g for low FE animals). The high FE group had higher mean final weight, weight gain, and feed conversion, despite consuming the same amount of feed as low FE animals (107.00 g for high FE and 106.74 g for low FE) (Figure 1 ). The results of the expressions of the ANT and COX III genes in the liver and muscle of high and low FE Japanese quails subjected to three environmental temperatures are shown in Table 2 . 
Feed efficiency and mitochondrial gene expression
The ANT and COX III mRNA expressions in the liver were affected only by environmental temperature. Regarding the ANT mRNA expression, lower expression of this gene was observed in animals exposed to heat stress (4.77 AU), with no difference between animals subjected to cold stress and thermal comfort. Whereas for the COX III mRNA expression, we observed that when the animals were exposed to low temperature, there was a much higher expression of this gene.
Regarding the expressions of these genes in the muscle, we observed that the ANT mRNA expression was affected by both FE and environmental temperature. High FE animals showed higher expression than low FE animals (7.77 AU vs 6.87 AU), and higher expression was also observed in animals subjected to cold stress, followed by thermal comfort, and then heat stress.
We observed a significant interaction between the effects of FE and environmental temperature on the expression of COX III mRNA in the muscle. The highest COX III mRNA expression was observed in high FE animals that were subjected to cold stress. There was no difference in COX III mRNA expression among high FE animals from the thermal comfort and heat stress groups and low FE animals from the thermal comfort and cold stress groups. Lower COX III mRNA expression was observed in the muscle of animals with low FE subjected to heat stress.
DISCUSSION
The main objective of this study was to determine whether there was any connection between the quail FE phenotype and the expression of mitochondrial genes, and to evaluate whether environmental temperature might influence the expression of such genes. After the period of individual FE evaluation, we separated the animals into two fairly homogeneous FE groups of high and low FE, since our results showed that high FE Japanese quails gained significantly more body weight, despite having a similar feed intake to those with low FE. Therefore, we hypothesized that the observed differences might be partially explained by differences in the expression of important genes that activate different metabolic mechanisms.
Our results showed that animals with greater FE also showed higher expression levels of mitochondrial genes that are known to play important roles in energy production efficiency. Several studies have demonstrated a relationship between the expression of mitochondrial genes and the FE phenotype. In this study, we also observed increased ANT and COX III mRNA expressions in high FE animals. In addition, high FE animals have also been shown to have reduced ROS production, reduced protein oxidation, increased mitochondrial respiration rates, and increased respiratory chain complexes activity, with greater coupling in the electron transport by the chain (Iqbal et al., 2004 (Iqbal et al., , 2005 Ojano-Dirain et al., 2007; Krueger et al., 2007; Bottje and Carstens, 2009; Kelly et al., 2011) .
Besides the influence of ATP production, many other physiological systems are involved in the control of FE-related features. Metabolic pathways involved in protein deposition and in food intake control, among others, also play a key role in FE. Recent studies on muscle growth (Tesseraud et al., 2007; Zheng et al., 2011) and food intake control have shown that the body has cellular/molecular mechanisms within a single signaling pathway that function to connect peripheral tissues, where energy is used or stored, to the central nervous system, which regulates energy acquisition, by controlling the feed intake (Richards et al., 2010) .
To better understand the cellular mechanisms that define the FE phenotype, Bottje and Kong (2013) conducted an experiment with broilers separated into groups of high and low FE in order to evaluate the overall relationship between FE and gene expression. A total of 782 genes were found to be differentially expressed between high and low FE birds. These results suggested that high FE birds exhibited increased expression of genes associated with signal transduction pathways, anabolic activities, and activities of energy coordination; and metabolic pathways that are favorable to development and cell growth. On the other hand, low FE animals showed greater expression of genes related to actin-myosin filaments and those related to or responsive to stress. Thus, the authors suggested that the low FE phenotype could result from the expression of genes modulated by oxidative stress.
Regarding the association between stress and low FE birds, other studies have found that the mitochondria of low FE poultry produced more H 2 O 2 , which is associated with higher protein oxidation and lower activity of the complexes of the electron transport chain (Bottje et al., 2006) . These authors suggested this higher level of oxidized proteins might contribute to the low FE phenotype due to an increase in cell energy requirements for repairing such proteins, as well as the reduction or impairment of the function of the damaged proteins. Therefore, higher H 2 O 2 production in poultry with low FE followed by protein damage may also impair the activity of mitochondrial genes.
The novelty of our study is the fact that we subjected high and low FE quails to cold and heat stress. We were motivated to investigate this effect owing to several studies that showed that environmental temperature could affect bird metabolism and even the FE phenotype (Hangalapura et al., 2004) . These studies showed that changes in environmental temperature above or below the thermal comfort zone stimulated thermal-regulation physiological mechanisms that may affect animal performance to various degrees.
Stress is known to be related to neurochemical and hormonal changes, including alterations in adrenal and thyroid hormone levels (Hangalapura, 2006) . In birds, the thyroid hormones are essential for the animals' normal growth since the thyrotropic axis has profound effects on development that are closely connected to the somatotropic axis. The predominant form of thyroid hormone secreted by the thyroid gland is thyroxine (T4); triiodothyronine (T3) is its active form and is derived from the hepatic monodeiodination of T4, although both T4 and T3 can be catabolized to a metabolically inactive reverse T3 (rT3) and T2 (Kim, 2010) .
Several studies show that environmental temperature can affect the circulating levels of thyroid hormones. The results of these studies showed that heat stress generally decreases (Melesse et al., 2011; Willemsen et al., 2011) , and cold stress generally increases the concentration of these hormones (Venditti et al., 2010) . Thyroid hormones are also known to act on thermogenesis in birds. When animals are exposed to high temperatures, T4 is inactivated to rT3, whereas when birds are exposed to cold stress, T4 is converted to T3, which stimulates an increase in metabolic activity (Melesse et al., 2011) .
In addition to their many functions in growth, thyroid hormones also participate in the control of ANT transcription. In mice, ANT transcription regulation occurs through of a positive muscle-specific promoter element called OXBOX, which regulates the ANT gene in muscle, and another element, REBOX, which overlaps with the OXBOX promoter element. The binding of factors to the REBOX element is regulated by environmental factors, including T3 and T4 (Chung et al., 1992; Portman, 2002) .
We here observed that ANT mRNA expression was significantly lower in the liver of animals exposed to heat stress, and that in the muscle, expression of this gene occurred differentially among the three treatments. We observed greater ANT mRNA expression in quails subjected to cold stress, and lower expression in animals exposed to heat stress. Because thyroid hormones are needed for ANT transcription control, these expression results may be due to the fact that higher temperatures result in the reduction of T3 and T4 levels, while lower temperatures are known to increase the levels of these hormones. Thus, cold stress might have increased the levels of thyroid hormones, which, in turn, contributed to greater ANT mRNA expression in cold-stressed birds.
Environmental temperature is an important determinant of respiratory activity in different tissues, which has been shown to increase in animals subjected to low temperatures (Martin et al., 1993) . In this study, we did not observe differences in COX III mRNA expression levels between animals exposed to thermal comfort and heat stress, although the highest expression level was observed in the liver and muscle of cold-stressed animals. Interestingly, there was an interaction effect between FE and temperature on the COX III mRNA expression level in the muscle, with the highest expression observed in high FE and cold-stressed animals. This result is particularly relevant owing to the great importance of the COX III gene for ATP production efficiency. Greater cytochrome c oxidase activity has previously been related to high FE birds (Iqbal et al., 2005) and to animals subjected to low temperatures (Martin et al., 1993) . Some studies have also shown the negative effects of heat stress on cytochrome c oxidase activity (Ando et al., 1997) , and other studies have suggested that heat shock proteins can protect the respiratory chain complexes under stressful conditions, thereby contributing to the maintenance of mitochondrial activity (Chen et al., 2004; Vogt et al., 2011) .
The results obtained in this study suggest a possible correlation between the genes involved in energy production by mitochondria and the FE phenotype, and that environmental temperature affects the expression of ANT and COX III mRNA. Japanese quails presenting different FE levels respond differently to environmental stimuli.
